Tonic and phasic rapid eye movement (REM) sleep seem to represent two different brain states exerting different effects on epileptic activity. In particular, interictal spikes are suppressed strongly during phasic REM sleep. The reason for this effect is not understood completely. A different level of synchronization in phasic and tonic REM sleep has been postulated, yet never measured directly. Here we assessed the interictal spike rate across non-REM (NREM) sleep, phasic and tonic REM sleep in nine patients affected by drug resistant focal epilepsy: five with type II focal cortical dysplasia and four with hippocampal sclerosis. Moreover, we applied different quantitative measures to evaluate the level of synchronization at the local and global scale during phasic and tonic REM sleep. We found a lower spike rate in phasic REM sleep, both within and outside the seizure onset zone. This effect seems to be independent from the histopathological substrate and from the brain region, where epileptic activity is produced (temporal versus extratemporal). A higher level of synchronization was observed during tonic REM sleep both on a large (global) and small (local) spatial scale. Phasic REM sleep appears to be an interesting model for understanding the mechanisms of suppression of epileptic activity.
SUMMARY
Tonic and phasic rapid eye movement (REM) sleep seem to represent two different brain states exerting different effects on epileptic activity. In particular, interictal spikes are suppressed strongly during phasic REM sleep. The reason for this effect is not understood completely. A different level of synchronization in phasic and tonic REM sleep has been postulated, yet never measured directly. Here we assessed the interictal spike rate across non-REM (NREM) sleep, phasic and tonic REM sleep in nine patients affected by drug resistant focal epilepsy: five with type II focal cortical dysplasia and four with hippocampal sclerosis. Moreover, we applied different quantitative measures to evaluate the level of synchronization at the local and global scale during phasic and tonic REM sleep. We found a lower spike rate in phasic REM sleep, both within and outside the seizure onset zone. This effect seems to be independent from the histopathological substrate and from the brain region, where epileptic activity is produced (temporal versus extratemporal). A higher level of synchronization was observed during tonic REM sleep both on a large (global) and small (local) spatial scale. Phasic REM sleep appears to be an interesting model for understanding the mechanisms of suppression of epileptic activity.
IN TROD UCTI ON
It is well known that sleep modulates the occurrence of interictal spikes (IS); non-rapid eye movement (NREM) and rapid eye movement (REM) sleep seem to exert contrasting effects: the former favours an increased production and propagation of IS, while the latter is associated with a lower rate of IS, that occur more focally, considerably more similar to what is observed during wakefulness (Bazil, 2000; Ferrillo et al., 2000; Malow et al., 1998; Sammaritano et al., 1991) . The activating properties of NREM sleep on IS seem to be related to the thalamo-cortical oscillatory and synchronizing processes active during this sleep stage (Ferrillo et al., 2000; Nobili et al., 1999; Parrino et al., 2000; Shouse et al., 2000 Shouse et al., , 2004 Steriade et al., 1994) .
Conversely, the inhibitory effect of REM sleep on IS has been interpreted as the effect of the depolarization of the thalamo-cortical cells leading to a blockage of the thalamocortical oscillations (Shouse et al., 2000) . In particular, pioneer studies conducted with intracerebral electrodes in drug-resistant epileptic patients have shown not only a reduction in the number of IS but also a limited propagation of IS from the seizure onset zone to the surrounding cortical areas (Rossi et al., 1984; Wieser, 1991) .
More recently, it has been demonstrated that the reduction of IS during REM sleep is not a uniform phenomenon, but may be related to the presence of phasic events such as rapid eye movements. Indeed, both scalp and intracranial/ intracerebral studies have corroborated that IS in REM sleep are reduced mainly during the occurrence of ocular ª 2017 European Sleep Research Society movements (Busek et al., 2010; Clemens et al., 2003; Frauscher et al., 2016) . This reduction has been postulated to result from a lower level of synchronization during phasic REM sleep (REM sleep with ocular movements) with respect to tonic REM sleep (REM sleep without ocular movements) (Frauscher et al., 2016) .
The present study aims to assess the effect of REM sleep on IS recorded with intracerebral electrodes [stereo-electroencephalography (stereo-EEG)] in two regions, namely in the seizure onset zone (SOZ) and the diffusion zone (DZ, where the ictal discharge first spreads). To this end, we compared the IS rates in both areas during phasic REM, tonic REM and NREM sleep in patients suffering from focal epilepsy associated with two different histopathological substrates: hippocampal sclerosis (HS) and type II focal cortical dysplasia (FCD) (Bl€ umcke et al., 2011) . We then performed several quantitative measures to assess the level of synchronization at the local and global scale during phasic and tonic REM sleep in order to gain some insight into the physiopathological mechanism influencing the production of IS during these two REM sleep substates.
METHODS

Subject/patient selection
We included patients suffering from drug resistant epilepsy who underwent invasive presurgical monitoring of brain activity, by means of stereotactically implanted multi-lead intracerebral electrodes (stereo-EEG), at the 'Claudio Munari' Centre for Epilepsy Surgery, Niguarda Ca' Granda Hospital, Milano, Italy, from 2012 to 2015.
Inclusion criteria were as follows: (1) available postoperative histopathological diagnosis and/or concordant electrophysiological (Chassoux et al., 2012; Francione et al., 2003; Menezes Cordeiro et al., 2015) and neuroradiological characteristics Duncan, 1997) indicative of a specific histopathological substrate; (2) at least one recording stereo-EEG contact placed inside the lesion, documented by computerized tomography (CT) and magnetic resonance imaging (MRI) data (Arnulfo et al., 2015) or confirmed histopathological examination or, for type II FCD, suggested strongly by a typical stereo-EEG pattern (Francione et al., 2003; Tassi et al., 2012) ; (3) available combined scalp and stereo-EEG night recording obtained at least 3 days after surgical implantation of stereo-EEG electrodes, also including electro-oculogram (EOG) and electromyogram (EMG) to perform sleep scoring.
The recording and data treatment procedures were approved by the local Ethical Committee (protocol number: ID 939, Niguarda Hospital, Milan, Italy). All patients provided written informed consent.
EEG recordings
EEG signals were acquired using the Neurofax EEG-1100 system (Nihon Koden, Tokyo, Japan), band-pass-filtered between 0.016 and 500 Hz and sampled at 1 kHz (resolution 16-bit Stereo-EEG signals were recorded with multi-contact electrodes, ranging from 5 to 18 contacts, which were 2 mm in length and spaced at 1.5 mm (Microdeep Intracerebral Electrodes, D08 Dixi Medical or Depth Electrodes Range 2069; Alcis, Besanc ßon, France). Each electrode was positioned precisely towards the desired targets using the stereotactic method (Arnulfo et al., 2015; Cardinale et al., 2013) .
Sleep scoring
Whole night sleep was scored visually from scalp EEG in 30-s epochs according to standard criteria (Iber et al., 2007) . N1, N2 and N3 epochs were pooled (NREM sleep) during the analysis and distinguished from REM sleep and wakefulness. Within REM sleep, we marked each burst of eye movements that had a duration of at least 3 s. All the segments of REM sleep containing marked eye movements were defined as 'phasic REM' sleep. The other segments of REM sleep with no marked eye movements constituted epochs of 'tonic REM' sleep.
Detection of epileptiform discharges
Interictal spikes were counted in the SOZ and the DZ (Fig. 1 ). For each zone we selected a single channel (a bipolar derivation, see below).
The location of the SOZ was determined by analysing the stereo-EEG recorded seizures during the presurgical evaluation. We defined as SOZ the bipolar derivations where the first ictal modifications appeared. If several contacts were placed within the SOZ, for marking the interictal spikes we chose the channel where they were more easily recognizable.
The DZ was defined as the bipolar derivations (outside the SOZ) where ictal discharges appeared with the shortest delay with respect to epileptiform activity within the SOZ. If several channels qualified as DZ, we also chose the one where the spikes were easier and recognized more reliably.
The detection of IS was performed semi-automatically using CURRY Neuroimaging Suite software â and then controlled visually by an experienced neurologist blinded to the sleep stages and the ocular activity. The whole REM sleep of each patient was analysed. Marking of IS was also performed in 20 randomly chosen (from the whole night) epochs, 30 seconds each, of NREM sleep for each patient. Quantitative analysis of REM sleep
Preprocessing
Stereo-EEG channels corresponding to recordings from white matter were excluded from analysis. A bipolar montage without common contacts between neighbouring pairs was used. Signals were filtered digitally between 0.5 and 250 Hz prior to quantitative analysis. Each period of phasic or tonic REM sleep was decomposed into non-overlapping epochs of 2.5 s. The first and last epochs of each tonic REM period were discarded. Analysis was performed with Matlab version 9.0 (Mathworks, Natick, MA, USA).
Global synchronization
The definition of global synchronization was based on bivariate (pairwise) synchronization computed for all pairs of channels (Rummel et al., 2013; Schindler et al., 2007) . Sequentially for each epoch, pairwise synchronization was assessed with two different measures; namely, zero-lag cross-correlation (CC, a linear measure) and mutual information (MI, a non-linear measure). To estimate MI we used binning of the amplitude (for each epoch the span between maximum and minimum voltage was divided into six equal bins). For both measures we used surrogate correction. The average resulting from 30 surrogate signals (obtained by circular-shift; Netoff and Schiff, 2002) was subtracted from the original synchronization value; a resulting negative value was considered as null. Global synchronization during tonic or phasic-REM was then defined as the average of all pairwise CC (linear global synchronization) and MI (nonlinear global synchronization) values taken over all pairs of channels and all epochs.
Local synchronization (SOZ)
Local synchronization in the SOZ was assessed measuring the spike amplitude (Shouse et al., 2000) , defined as the maximum peak-to-peak difference during the time window of AE 50 ms around the spikes. The short duration was chosen in order to avoid incorporating the slow wave possibly following a spike.
Functional synchronization between SOZ and DZ
Similarity between spike trains in different regions implies a functional connection between these regions (Victor, 2005) . We assessed similarity between spike train in the SOZ and the DZ using the so-called event synchronization (Quiroga et al., 2002) . Event synchronization was applied to all phasic REM epochs and all tonic REM epochs merged in order to form two longer segments.
Statistical analysis
For comparison of spike rates between phasic REM, tonic REM and NREM we used a two-way non-parametric Friedman's test. In the presence of a column effect (P < 0.05), we performed a post-hoc multiple comparison based on the average column ranks.
The goal of the quantitative analysis was to detect a difference in synchronization between the tonic and phasic REM sleep. In order to pool data from patients with different topographic electrode localization we considered the change in synchronization expressed as the percentage (sync. tonicsync. phasic)/sync. phasic. Significant deviations from a distribution with 0 mean was assessed with a sign test. The statistical analysis was performed with the Matlab Statistics and Machine Learning Toolbox.
RESULTS
Nine drug-resistant epileptic patients were selected (four male, five female). Electrophysiological, MRI data and histopathological investigation facilitated recognition of five patients with focal cortical dysplasia (four with a frontal localization and one with a parietal localization) and four with hippocampal sclerosis (see Table 1 for patients' clinical data). 
Analysed channels and investigated time-period
The total number of implanted electrodes was 144; the total number of analysed channels was 1355 (mean channels for patients 169.3, SD: 39.1). The total time of REM sleep was 264.08 min; the total number of REM phases was 29 (mean number for patient 3.2), with a mean duration of 9.26 min (SD: 4.76 min). Total time of REM sleep spent in phasic periods (coinciding with rapid eye movements) was 137.03 min, 51.88% of the total REM sleep (mean time of phasic periods: 4.67 min). The total time of tonic REM sleep was 127.05 min and 48.12% of total REM sleep (mean time of tonic periods of 4.38 min).
The total NREM sleep time analysed was 90 min (20 epochs of 30-s duration chosen randomly for each patient).
IS rate across sleep phases
IS rate in the SOZ
The total number of IS identified on the SOZ channels was 2332 during phasic REM sleep (mean: 75.3), 5176 during tonic REM sleep (mean: 184.81) and 5285 during NREM sleep (mean: 587.22). The median value of spike rate calculated during the different sleep phases was 4.95 min À1 in phasic REM sleep, 34.5 min À1 in tonic REM sleep and 60.5 min À1 during NREM (P = 0.016).
Post-hoc analysis showed that the spike rate was significantly lower in phasic with respect to tonic REM sleep (P = 0.026) and NREM sleep (P = 0.048). No statistical histological diagnosis remains probable only (on the basis of EEG and magnetic resonance as described in the text), as no surgery was performed.
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IS rate in the DZ
No IS could be identified clearly outside the SOZ in one patient. The total number of IS recognized was 285 during phasic REM sleep (mean: 11.6), 1457 during tonic REM sleep (mean: 62.19) and 1277 during NREM sleep (mean: 162.56).
The median spike rate calculated during the different sleep phases was 2.08 min À1 in phasic REM sleep, 11.15 min À1 in tonic REM sleep and 15.45 min À1 during NREM sleep (P = 0.002). Post-hoc analysis showed that the spike rate was significantly lower in phasic with respect to tonic (P = 0.016) and NREM sleep (P = 0.003). No statistical differences were observed for the spike rate in tonic REM sleep and NREM sleep (P = 0.871) (Fig. 2b) . The trend for spike rate variation in the three different sleep stages was qualitatively similar in the two groups (FCD, HS; Fig. 2) ; because of the limited number of subjects, we did not perform a subgroup statistical analysis.
Quantitative analysis
The mean (AESD) number of 2.5-s epochs was 249 (AE144) for phasic and 636 (AE489) for tonic REM. Four different analyses were performed. In each case there was a majority of patients with a higher level of synchronization during tonic than during phasic REM sleep; however, this effect was significant in only two measures (Fig. 3) .
The global linear synchronization assessed as the averaged bivariate cross-correlation was higher in tonic than in phasic REM in six of nine patients, which was not statistically significant (P = 0.51). When the global synchronization was assessed with a non-linear pairwise measure (mutual information), eight of nine patients had a higher value during tonic REM than phasic REM sleep (P = 0.031).
The mean amplitude of spikes in the SOZ was also higher during tonic REM than phasic REM sleep in eight of nine patients (P = 0.031).
In the majority of patients the synchrony between spike trains in the SOZ and the DZ was higher during tonic REM. As a DZ could not be recognized clearly in one patient, the synchrony could be measured only in eight patients. In six of eight patients the synchrony was higher during tonic REM than phasic REM sleep; this result did not reach the threshold for statistical significance (P = 0.29).
DISCUSSION
Using intracerebral EEG, in this study we investigated the effect of REM sleep during phasic and tonic phases on the occurrence of IS in two different types of focal epilepsy. Our data showed that a significant suppressive effect on IS was exerted by phasic REM sleep with respect to tonic REM and NREM sleep, confirming previous findings obtained with scalp and intracranial (foramen ovale) EEG investigations Data are represented on a logarithmic scale. In one subject the spike rate was zero in the diffusion zone during phasic REM sleep; due to the impossibility to represent zero in a logarithmic scale the spike rate of this subject has been drawn with the same value as the lowest non-zero spike rate. Asterisks indicate a statistical significant difference (*P < 0.05; **P < 0.01). Black points represent patients with focal cortical dysplasia, white circles patients with hippocampal sclerosis; horizontal bars show the median.
ª 2017 European Sleep Research Society (Busek et al., 2010; Clemens et al., 2003) . Our observations are also in accordance with recent findings derived from an intracerebral EEG study demonstrating that interictal epileptic activity is reduced during phasic REM sleep (Frauscher et al., 2016) . Indeed, Frauscher et al. (2016) observed a reduction of occurrence of both IS and pathological highfrequency oscillations (HFO) in the epileptic regions during phasic REM sleep. Our data extend these previous studies, showing that the reduction of IS during phasic REM sleep is observed in both the SOZ and the DZ. Moreover, this effect seems to be independent from the histhopathological substrate and the brain region where epileptic activity is produced. Although the small sample size did not allow us to perform a subgroup statistical analysis, the rate of IS varied similarly in the group with FCD type II, which was located in the frontal lobe (four subjects) and the parietal lobe (one subject), and in the group with HS (located compulsorily in the temporal lobe). We did not find any reproducible difference in the rate of IS, ratio of synchrony or spike amplitude between phasic and tonic REM sleep across REM cycles (data not presented), suggesting that the suppressing effect of phasic REM sleep is independent of the time of REM occurrence during nocturnal sleep. We believe that a greater understanding of the underlying mechanism of the protective effect of phasic REM sleep on epileptic activity might have relevant importance for future therapeutic approaches.
Our results are in line with the well-established concept of REM sleep acting as a 'protective' brain state with respect to interictal and ictal epileptic activity (Ferrillo et al., 2000; Sammaritano et al., 1991; Shouse et al., 2000) . It has been confirmed that this effect is related closely to phasic REM sleep, where the spike rate is lower than during the other sleep stages. Conversely, the rate of IS during NREM sleep, even if globally higher, does not differ significantly from the density observed during tonic REM sleep. The activating properties of NREM sleep on IS has been interpreted as the effects of the thalamo-cortical oscillatory mechanism operating during this sleep state (Shouse et al., 2000; Steriade et al., 1994) . In humans, it has been observed that IS dynamics during NREM sleep can be correlated with the time-course of spindle frequency activity, delta activity and arousal fluctuations, depending on the epileptic syndromes (Ferrillo et al., 2000; Malow et al., 1998; Nobili et al., 1999 Nobili et al., , 2000 Parrino et al., 2000; Terzano et al., 1991) . Moreover, a recent study showed that the spike density is dependent upon the amplitude of the slow oscillations as an expression of synchronization . It is therefore surprising to observe a similar IS rate in NREM and tonic REM sleep, in the absence of the EEG hallmarks of NREM sleep (spindles, delta waves, cyclic alternating pattern). Other mechanisms are at play, and further investigations using intracerebral human data might help to unravel them.
Animal studies have shown that the reduction of epileptic activity in REM sleep is favoured by the desynchronizing effect of cholinergic activity typical of this stage (Shouse et al., 2000) , which is particularly elevated during the phasic phenomena of REM sleep (Salado et al., 2008) . In humans, a different level of synchronization between phasic and tonic REM sleep has been postulated based on the spectral analysis of sleep EEG (Frauscher et al., 2016) .
Synchronization is a versatile concept which depends, among other factors, upon the spatial and temporal scale at which it is considered (Jiruska et al., 2013) . These various scales reflect the dynamics of different underlying physiological processes, e.g. long-distance slow oscillation of the extracellular electrical field versus precise timing of action potential between pairs of neurones. Here, for the first time, we used well-established quantitative methods to measure synchronization at different scales. As the absolute value of synchronization is difficult to interpret, we have presented our results as relative changes between phasic and tonic REM sleep. Interestingly, we found higher synchronization values in tonic REM sleep compared to phasic REM sleep both at local and global levels. The higher values of the all-to-all cross-correlation and mutual information during phasic REM indicate an increase of synchronization at a global ('network') level (Rummel et al., 2013; Schindler et al., 2006) . This effect was significant only for mutual information, which can detect not only linear, but also non-linear statistical dependencies (Stam, 2005) . As shown in Fig. 3 , the use of a non-linear measure affected particularly the level of global synchronization in patients with FCD. This effect could be due to the high level of non-stationarity of the EEG pattern in the case of . From left to right: all-to-all cross-correlation, all-to-all mutual information, spike amplitude and spike train synchrony. For one patient the synchrony ratio was infinite (because of the absence of spikes in the diffusion zone during phasic REM sleep); for illustrative purposes the value of this subject has been drawn with the same value as the highest non-infinite one. Asterisks indicate a statistical significant difference (P < 0.05). Black points and white circle as in Fig. 2 .
ª 2017 European Sleep Research Society FCD, which is known to reduce the performance of crosscorrelation (Rummel et al., 2013) . Conversely, the spike amplitude, considered a marker of local synchronization (Shouse et al., 2000) , was higher in the SOZ during tonic REM in all but one patient. Finally, our data showed a higher synchrony of spike trains between the SOZ and the DZ during tonic REM sleep with respect to phasic REM sleep, reflecting an increased functional connection between the two brain regions (Victor, 2005) . This last finding extends the previous observation of a reduced propagation of IS during REM sleep compared to NREM (Rossi et al., 1984) .
A limitation of our study is the relatively small sample size. Indeed, the number of subjects is small because currently it is relatively rare to perform a stereo-EEG study in epileptic patients with FCD type II or with HS because neuroimaging, clinical and electrophysiological features are often sufficient to perform a correct diagnosis and to proceed directly to surgery without invasive investigation. Conversely, we believe that the possibility of investigating IS distribution during sleep by means of stereo-EEG recordings allowed us to highlight more clearly the local modulation of epileptic activity.
CONCLUSI ON
Taken together, our data suggest that phasic and tonic REM sleep are two substates of a non-homogeneous sleep stage (REM), with a clearly different effect on epileptic activity. This refinement of REM sleep might prove physiologically and clinically relevant regardless of the presence of epilepsy. Indeed, Wehrle et al. (2007) have demonstrated by means of functional MRI that during phasic REM sleep some brain networks are more activated than during tonic REM sleep, despite being less reactive to external stimuli. Moreover, it has been shown recently that during phasic (but not tonic) REM sleep, the motor cortex is activated in a similar fashion to wakefulness during a voluntary movement (De Carli et al., 2016) . In the same way that non-REM has been subdivided into different stages, future sleep classifications might have to take into account the differences between tonic and phasic REM substates.
